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ABSTRACT
Our recent  analysis  of the  nephridial  apparatus  of Paramecium multimicronucleatum by high-
speed cinematography  (300 fps at X 250)  indicates that  before  the  water expulsion  vesicle
("contractile  vacuole")  is  completely voided  of fluid  during  expulsion,  the  ampullae  sur-
rounding  and  confluent  with  the  vesicle  swell  with  fluid  entering  from  their  respective
nephridial  tubules.  Once  the membranes of the excretory pore  at the  base of the excretory
canal  (leading  from  the  vesicle  proper  to  the outside)  have  constricted  and  resealed  the
excretory pore,  the up till then  constricted injection  tubules of the ampullae  which conduct
fluid to the vesicle open as waves of contraction  along the coacervate gel around the ampulla
and proceed  along each ampulla from distal  to  proximal end.  The  coacervate  gel  around
any  one  ampulla  does  not necessarily  contract  in  phase  with  that  of any  other  ampulla.
Each ampulla acts independently.  The fluid from the ampullae is thus pumped  sequentially,
but not in predetermined  order, into the water expulsion vesicle,  refilling and distending  it.
Our  previous  studies  (Organ  et  al.,  1968a)  suggest  that  an  actomyosinoid  ATP-using
mechanism may be functional  in  the ampullary  contractions.
The  filling  of the  water expulsion  vesicle of Para-
mecium  multimicronucleatum has  been  described  by
King  (1935),  and  the  lack  of photographic  data
depicting the mechanism has been  cited by Kitch-
ing  (1967).  Recently,  Organ  et  al.  (1968b)  have
examined  the  mechanism  of  expulsion  of  the
nephridial  apparatus  cinephotomicrographically.
They concluded  that there is no  active contraction
of the  membrane  of  the  water  expulsion  vesicle
("contractile  vacuole")  and that  the  expulsion  of
the  vesicle  is  accomplished  by  the  internal  cyto-
plasm  pressing  against  the  vesicle  and  invaginat-
ing it.  This process,  perhaps,  is  aided  by pressure
of  those  fibrils  attached  to  ampullae  which  lie
wound  against  the  pore-directed  hemisphere  of
the  vesicle  and  anchor  the  ampullae  to  the  exit
pore.
King  (1935)  states  that  the  new  vacuole  with
its  enclosing  membrane  is  formed  by  the  coales-
cence  of the  feeding  vesicles  which  were  formed
from  the ends of the feeding canals.  He  also states
that observations  of the  canal-fed  vacuoles of most
species  of Paramecium are difficult,  especially  in the
living state.
Other investigators  (Nassonov,  1924;  von Gelei,
1925;  and  Organ  et  al.,  1968b)  maintain  that
389the  vesicle  has  a  permanent  membrane  which
merely collapses  at "systole"  and is refilled  during
"diastole."
The  demonstrable  permanence  of the  vesicular
membrane  during  the  mechanism  of the  refilling
of the water expulsion  vesicle  and the movements
of the  ampullae  during  their  evacuation  of  fluid
into  the  vesicle  are  the  subjects  of this  paper.
METHODS  AND  MATERIALS
Paramecium multimicronucleatum  (Gittleson  strain)  was
grown  on  lettuce  media  made  with  Chalkley's  solu-
tion and buffered to a pH of 7.2  with  CaCO3. Organ-
isms were placed on No. 1 thickness  microscope  slides
on which a thin layer of 1% agar had been previously
deposited;  No.  1  thickness  cover  slips  were  also
employed.  The organisms adhered  to the agar by the
tips of some of their cilia and were thus immoblized,
but not otherwise inactivated.  Cinephotomicrographs
were  taken  at  300  fps  at  X  250  with  Hi-Cam  and
Fast-Air  movie cameras.  The  analytic technique  has
previously  been  described  (Organ  et  al.,  19686b).
OBSERVATIONS
Previously published  studies of the film track taken
in our laboratories  indicate  that the membrane  of
the  water  expulsion  vesicle  of  Paramecium  multi-
micronucleatum  is  a  permanent  part  of  the  vesicle
(Organ et  al.,  1968b).  Frames  1 6  in Fig.  1 of the
present  paper  and  frames  36-42  in  Fig.  I  of the
previous  paper  indicate  that  as  the  expulsion  of
the  vesicle  is  completed  the internal pore  is closed
by  a  constriction  of the  basal  portion  of  the  ex-
cretory pore;  and it is aided,  perhaps,  by the pore-
sealing  membrane  falling  back  into  the  canal
(Organ et  al.,  1968b).  The  pore becomes  resealed
before  any  one  of the  ampullae  of the  nephridial
apparatus  discharges  its  content  into  the  vesicle.
An  injection  tubule  connects  each  ampulla  to,
and  empties  into,  the  vesicle,  the "old"  vesicular
membrane  being  progressively  pushed  farther
downward  by  entering  fluid  until  it  is  fully  dis-
tended.  The  vesicle  is  then  ready  for  the  next
evacuation.
These  ampullae  do  not  fill  synchronously  or
expel  their  fluid  contents  synchronously  into the
vesicle.  Each  fills  independently  of  any  other,
although  at  approximately  the  same  rate;  and
each contracts  and squirts its fluid content through
its  injection  canal  into  the vesicular  cavity  inde-
pendently  of any  of the other  ampullae.  The  first
ampulla to  begin filling  is not  necessarily  the first
to contract and  expel its fluid,  although it may be.
Hence,  there  is  no predetermined  order  in  which
the  ampullae  fill and  expel.  Usually one  or  more
of  the  five  ampullae  have  filled  and  have  begun
to  expel within  25-30  msec  after the prior  expul-
sion  of  the  water  expulsion  vesicle  (contractile
vacuole)  has  been  completed.  Usually,  all  five
ampullae  will  have  filled  and  expelled  before  the
refilled  vesicle  begins  its  next  evacuation.  Occa-
sionally one,  and very rarely  two, of the ampullae
lag in  expulsion  and remain  distended  during the
next  vesicular  evacuation.  Such  lagging  ampullae
usually  expel  into  the  collapsed  vesicular  cavity
almost  immediately  after  its  expulsion,  within  10
msec,  and  "catch  up"  in  the  time  lag by  refilling
and  expelling  rapidly  before  the  next  vesicular
evacuation.
Fig.  I  is  a  sequence  of 42  frames  from  the  mo-
tion picture film (elapsed  time  i  sec or  145 msec)
showing  one  sequence  of  ampullary  fillings  and
expulsions  into  the  vesicle.  Three  of the  five  am-
pullae  are  in  focus;  the  other  two  are  below  the
plane  of focus  and  not clearly  visible  because  of
intervening  cytoplasm  and  poor  resolution.  In
frame  I  of Fig.  ,  ampulla  b  has just  begun  to
contract  and  expel  fluid  into the vesicular  cavity.
Ampullae  a  and  c  are  still  distended.  Between
frames  1 and  13,  ampulla b completes its expulsion
in  an elapsed time  of about 45  msec.  In frame  14,
ampulla  c begins  contraction,  completing  most of
its  contraction  and  expulsion  by  frame  29,  in
about  50 msec.  The  two ampullae  which were  out
of  focus  also  contracted  and  expelled  between
frames  25 and  42.  Ampulla a did not contract  and
empty  its  contents  into  the  vesicle;  it  remained
distended during the subsequent evacuation  of the
vesicle  which  began  after  frame  42.  Fig.  2  is  a
tracing  of selected  photographs  of Fig.  1, showing
the  independent  contraction  of the  ampullae.
DISCUSSION
The  assumption  by King  (1935),  based  on visual
observation,  that  a  new  water  expulsion  vesicle
(contractile  vacuole)  is  formed  after  each  expul-
sion  is  controverted  by  the visual  observations  of
both  von  Gelei  (1925)  and  Nassonov  (1925)
who  viewed  the  vesicle  as  a permanent  structure
which  refilled  after  each  expulsion.  Organ  et  al.
(1968b)  have  cinephotographically  confirmed  the
assumptions  of von  Gelei  and  Nassonov.  King's
assumption that  a new vesicle results  from  coales-
cence  of new  vesicles  formed  by  the  emptying  of
the separate  ampullae  was reasonable  at the  time
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vesicle  by the  contraction  of the  apullae  which  are  emptying  independently  of each  other.
because  of the  rapidity  of the  sequence  of filling
and expulsion  and the  lack  of high-speed  cinema-
tography  which  might  have  denied  or  confirmed
the  assumption.  However,  our  films  show  that
each ampulla  empties  into and fills  that region  of
the  permanent water expulsion vesicle  adjacent to
and  below  its  injection  pore.  As  the  vesicle  fills
these  regions appear to coalesce,  the vesicular mem-
brane  drooping  inward  under each  injection  pore
until  the  vesicle  is  distended,  and  the  filled  areas
meld their fluid contents.  We have  seen  the  vesicle
appear  to  fill  exactly  as  described  by  King,  but
only when  it was observed  directly,  never  in high-
speed  cinematographs.  Since  the entire  phenome-
non occurs  in  only Ki  sec  (Fig.  1, above),  records
from the  cine  camera  are  more  dependable  than
any direct observation,  including our  own.
The  mechanism  by  which  the  ampullae  con-
tract  cannot  be determined  from  our  cinephoto-
micrographs,  but  it is  evident  that  they  contract
(see  ampulla  b,  frames  1-13,  Fig.  1).  Electron
micrographs  (Schneider,  1960)  show  distinct
fibrils  only over  that small  proximal  portion  of the
ampulla  adjacent  to  its  injection  tubule.  Since
these  fibrils  are  the  terminuses  of  fibrils  which
wind  over  the  subpellicular  hemisphere  to  an-
chorage  at the inner surface  of the pellicular  pore,
they  appear  only  to  hold  the  injection  pores  and
ampullae  in  place  relative  to  the water  expulsion
vesicle.
There are  no other  discrete  fibrils at or near the
surfaces  of the  ampullae which  might  be  assumed
to  be contractile.  However,  at onset of and during
contraction  of an  ampulla,  electron  micrographs
thereof (Schneider,  1960)  show  that the endoplas-
mic  reticulum  tubules  which  fill  the  nephridial
canal and ampulla are  closed off, as  if a change  of
phase  to  a  denser  coacervate  or  gelated  quasi-
fibrillar  state  (earlier  suggested  by  von  Gelei,
1925)  had  occurred  in  a  thin  protoplasmic  layer
adjacent  to  the  ampullary-nephridial  canal  mem-
branes. These regions do appear  denser and quasi-
fibrillar  in  electron  micrographs  (Schneider,
1960).  These  regions  also  show  a  distinct  change
in  phase  during  contraction  of  ampullae  in  re-
cent  cinephotomicrographs  taken  with  interfer-
ence  miscroscopy  and  color  film  in  our  labora-
tories.'  This  phase-change  indicates  an  increase
in  protein  density  and  perhaps  a  quasi-fibrillar
or network  structure.
If it  be  assumed  that  such  a  coacervate  quasi-
fibrillar  region  contracts,  the  contraction  of  this
region  could  be  assumed  thereby  to  account  for
the ampullary  contraction.
Since each  ampulla contracts  and  empties  inde-
pendently  of any  other  and  since  the  ampullary
contractions  occur  in no  definite  sequential  order,
no  coordinating  mechanism  can  be  assumed  to
exist  among  the  ampullae.  Hence,  the  onset  of
contraction  is  presumably  due  to local  conditions
which  influence  each  one.  How  the  change  of
phase  which  results  in  temporarily  establishing  a
network  of  coacervate  gel  around  the  ampulla
and  its  continuous  intergraded  nephridial  canal
1 Kuznicki,  L.,  T. L. Jahn,  and  J.  R.  Fonseca.  1968.
Motion  of  cilia  of  Paramecium  multimicronucleatum.
Data unpublished.
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triggers its contraction  (a cation-mediated  "stretch
reflex"  perhaps?).
However,  if  it  be  assumed  that  the peripheral
cytoplasm of Paramecium is a precariously balanced
gel-sol  organization of  -actomyosin  with ATPase
activity  as  in  some  other  protozoa  (e.g.  Physarum
polycephalum,  see  Nakajima,  1964,  and others;  and
Amoeba  proteus,  see  Bovee,  1952  and  Simard-
Duquesne  and  Couillard,  1962),  the  establish-
ment  of such  a  gel-network  layer  triggered  into
organization and contraction  by cations and under
tension would result in the ampullary  contraction,
with  dissolution  of the  gel  as  an  end  product  of
the  contractile  process  (see  review,  Jahn  and
Bovee,  1968).  Thus,  no  macroscopically  visible,
discrete,  and  permanent  set  of  fibrils  need  be
required  about the  ampulla  to  elicit  contraction,
just  as  no  macroscopically  visible,  discrete,  and
permanent  fibrils are required  in  the  onset  of gel
formation and contraction  of a locomotory ameba.
A  contractile  coacervate  gel-network  should
suffice.
Some  indirect  evidence  suggests  that  this  hy-
pothesis  is  reasonable  since  chemical  substances,
which  alter the  rate  of superprecipitation  of puri-
fied  actomyosin  gel-networks  in  vitro or  the rates
of cyclosis  in  Paramecium and  rates  and  direction
of  its  ciliary  beating,  similarly  affect  the  rate  of
cycling  of its  nephridial  apparatus.  Organ  et  al.
(1966,  1968a)  report  acceleration  of  the  rate  of
cycling  of the nephridial  apparatus  of Paramecium
by  3  X  10- 3 M ATP  (and  mention  an  as  yet
unmeasured  rate of increase  in  the rate  of cyclosis
and  of  ciliary  beating)  after  a  short  lag  time.
Kamada  (1935)  found  that  Ca++ stimulates  the
activity  (rate?)  of  the  nephridial  apparatus
Czarska  (1964)  found  that  when  cations  were
added singly  (K+, or Ba++  or Ca++)  so  as to  raise
osmotic  pressure,  each  cation  lengthened the  time
between  expulsions,  i.e.  each depressed  the cycling
rate, Ba++ less so than K+ but more  so than Ca++.
The  alterations  of  relative  concentrations  of
the cations thereby also disturb the Gibbs-Donnan
ratio  of  cations  (i.e.  K+/v/ Ca++);  but  if  both
K+ and  Ca++ are  added in  concentrations  which
markedly  elevate  osmotic  pressure  without  alter-
ing  the  K+/  Ca±+  ratio,  neither  a  depression
nor  acceleration  of  the  rate  of  cycling  occurs
(Czarska,  1964).  Also,  direct  electric  current
accelerates  the  rate  of  cycling  of  that  nephridial
apparatus  nearest  the  anode,  while  it  depresses
the rate of that one  nearest the cathode  (Czarska,
1964).
Those  cited observations all  are  in concert  with
the  observed  effects  of  cations  and  electrical
currents  upon  movements  of  protozoa  not  only
in  those  where  ATP-splitting  actomyosinoid
protoplasmic  coacervate  gels have  been  identified,
e.g.  Amoeba proteus and Physarum polycephalum  (see
reviews  by Jahn and Bovee,  1967,  1968),  but also
in those  in  which  the  effects  of cations  and  elec-
trical currents  in turn  owe  their effects  to changes
of Gibbs-Donnan  ratios  on their  movements,  e.g.
ciliary  movement  and  reversal  in  Paramecium
(Jahn  1962; Grebecki,  1965), cytoplasmic stream-
ing in  Paramecium (Czarska,  1965),  contraction  of
Paramecium in  direct electric  current  fields  (Czar-
ska,  1965),  or  anodal  contraction  of  Spirostomum
(Jones et al.,  1966; Jahn,  1966).
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